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ABSTRACT
We study prospects of constraining the primordial magnetic field (PMF) and its evolu-
tion during the dark ages and cosmic dawn in light of EDGES 21-cm signal. Our anal-
ysis has been carried out on a ‘colder IGM’ background which is one of the promising
avenues to interpret the EDGES signal. We consider the dark matter-baryon interac-
tions for the excess cooling. We find that the colder IGM suppresses both the residual
free electron fraction and the coupling coefficient between the ionised and neutral
components. The Compton heating also gets affected in colder IGM background. Con-
sequently, the IGM heating rate due the PMF enhances compared to the standard
scenario. Thus, a significant fraction of the magnetic energy, for B0 . 0.5 nG, gets
transferred to the IGM and the magnetic field decays at much faster rate compared
to the simple (1 + z)2 scaling during the dark ages and cosmic dawn. This low PMF
is an unlikely candidate for explaining the rise of the EDGES absorption signal at
lower redshift. We also see that the PMF and DM-baryon interaction together intro-
duces a plateau like feature in the redshift evolution of the IGM temperature. We find
that the upper limit on the PMF depends on the underlying DM-baryon interaction.
Higher PMF can be allowed when the interaction cross-section is higher and/or the
DM particle mass is lower. Our study shows that the PMF with B0 up to ∼ 0.4 nG,
which is ruled out in the standard model, can be allowed if DM-baryon interaction
with suitable cross-section and DM mass are considered.
Key words: cosmology: dark ages, reionization, first stars – cosmology: dark matter
– magnetic fields – methods: analytical
1 INTRODUCTION
The global redshifted HI 21-cm signal from the dark ages
and cosmic dawn is a promising tool to study the primordial
magnetic field (see Subramanian 2016, for a review). The pri-
mordial magnetic field can heat up the Hydrogen and Helium
gas in the inter galactic medium (IGM) by processes such as
the ambipolar diffusion (AD) and decaying turbulence (DT)
(Jedamzik et al. 1998; Subramanian & Barrow 1998; Kunze
& Komatsu 2014; Chluba et al. 2015). This indirectly affects
the spin temperature and the globally averaged redshifted
HI 21-cm signal (Sethi 2005). Furthermore, growth of struc-
tures during the cosmic dawn gets accelerated in presence
of magnetic field in the IGM. As a consequence, the pri-
mordial magnetic field can have an important impact on the
formations of the first luminous sources (Sethi et al. 2008;
Schleicher et al. 2008). A substantial amount of theoreti-
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cal work has been carried out to understand, in detail, the
role of the primordial field on the HI 21-cm signal (Tashiro
& Sugiyama 2006; Schleicher et al. 2009; Venumadhav et al.
2017; Kunze 2019), early structure formation during the cos-
mic dawn and reionization (Kim et al. 1996; Yamazaki et al.
2006; Pandey et al. 2015).
The measurements of the global HI 21-cm absorption
signal by the EDGES experiments in the redshift range
z ∼ 14 to 20 (Bowman et al. 2018) have opened up a pos-
sibility to constrain the primordial magnetic field and un-
derstand its evolution during the cosmic dawn and dark
ages. In a recent work, Minoda et al. (2019) has exploited
the EDGES data to put an upper limit on the primordial
magnetic field. The analysis has been carried out on the
backdrop of the standard cosmological model and baryonic
interactions of the IGM. However, the measured EDGES
absorption signal is ∼ 2 − 3 times stronger compared to pre-
dictions by the standard model. If the measurements are
confirmed, one promising way to explain the measured sig-
nal is to consider the IGM to be significantly ‘colder’ com-
pared to the IGM kinetic temperature predicted by the stan-
© 2020 The Authors
ar
X
iv
:2
00
5.
14
20
6v
1 
 [a
str
o-
ph
.C
O]
  2
8 M
ay
 20
20
2 A. Bera et al.
dard scenario. Thus, one needs to consider a non-standard
cooling mechanism such as the DM-baryon interaction in
order to make the IGM colder (Mun˜oz et al. 2015). This
avenue has been widely explored to explain the unusually
strong absorption signal found by the EDGES experiment
(see e.g., Barkana 2018; Barkana et al. 2018; Mun˜oz et al.
2018; Mun˜oz & Loeb 2018).
Constraints on the primordial magnetic field using the
global 21-cm absorption signal in the colder IGM back-
ground would, in principle, be different from constraints ob-
tained in the standard scenario. Because, colder IGM en-
hances the Hydrogen recombination rate which, in turn, re-
duces the residual free electron fraction during the dark ages
and cosmic dawn (Datta et al. 2020). In addition, the cou-
pling between the ionized and neutral component which has
direct impact on the IGM heating also get suppressed in the
’colder IGM’ scenario. Moreover, the heating rate due to the
Compton process, which depends on the IGM kinetic tem-
perature and the residual free electron fraction, too gets af-
fected when the background IGM temperature is lower. To-
gether all these effects enhance the IGM heating rate due to
the primordial magnetic field. Consequently, small amount
of magnetic field would be enough to keep IGM tempera-
ture at a certain label. On the contrary, significantly more
magnetic energy would be transferred to the IGM due to the
enhanced heating rate which would affect the redshift evo-
lution of the primordial magnetic field itself and the heating
at later reshifts. If one considers DM-baryon interaction in
order to make the IGM colder, the exact constraints on pri-
mordial magnetic field should also depend on the mass of the
DM particles and the interaction cross section between the
DM particles and baryons. Thus, it is important to highlight
these aspects in order to understand the role of the primor-
dial magnetic field on the 21-cm absorption signal and put
limits on primordial magnetic field. Recently, Bhatt, Jitesh
R. et al. (2020) has used the EDGES low band measure-
ments to study constraints on the primordial magnetic field
in presence DM-baryonic interaction. Various other obser-
vations such the CMBR, the Sunyaev-Zel’dovich effect, the
star formation, blazar light curve have been exploited to con-
strain the primordial magnetic field (Planck Collaboration
et al. 2016b; Saga et al. 2020; Minoda et al. 2017; Marinacci
& Vogelsberger 2016; Takahashi et al. 2013). Constraining
the primordial magnetic field is very important as it can
shed light on its origin and evolution.
In this work, we study the constraints on the primordial
magnetic field using the EDGES 21-cm absorption profile on
the backdrop of the colder IGM scenario. We consider in-
teractions between cold DM particles and baryons (Mun˜oz
et al. 2015) which makes the IGM colder as compared to
that in the standard predictions. In addition, we study the
redshift evolution of the primordial magnetic field during
dark ages and cosmic dawn. The differential brightness tem-
perature in the EDGES absorption profile starts increasing
at redshift z ∼ 16 which suggests that heating of the IGM
started around that redshift. Here, we also investigate if the
primordial magnetic heating is able to explain this behavior.
Our analysis also allows us to study the constraints on the
mass of the DM particle and the interaction cross section in
presence of the primordial magnetic field.
The structure of the paper is as follows. A brief dis-
cussion and essential equations regarding the redshifted HI
21-cm signal, dark matter - baryon interaction, heating due
to the primordial magnetic field and redshift evolution of
IGM temperature in presence of both the primordial mag-
netic field and DM-baryon interaction are presented in sub-
sections 2.1, 2.2, 2.3 and 2.4 respectively. We discuss our
results in section 3 and present summary and discussion in
section 4. Throughout our work we use cosmological parame-
ters Ωm0 = 0.3, Ωb0 = 0.0486, h = 0.677, ΩΛ0 = 0.7 consistent
with the Plank measurements (Planck Collaboration et al.
2016a).
2 HI 21-CM SIGNAL IN COLDER IGM
2.1 HI 21-cm signal
The globally averaged differential brightness temperature
corresponding to the redshifted HI 21-cm at redshift z can be
written as (Bharadwaj & Ali 2005; Furlanetto et al. 2006b),
T21
mK
= 27xHI
(
1 − Tγ
Ts
) (
Ωb0h2
0.02
) (
0.15
Ωm0h2
)0.5 ( 1 + z
10
)0.5
, (1)
where Tγ and xHI are the CMBR temperature and neu-
tral Hydrogen fraction respectively. The spin temperature Ts
which is a measure of population ratio of the ground state
Hydrogen atoms in the triplet and singlet states is defined
as,
n1
n0
=
g1
g0
exp (−T∗/Ts), (2)
where n0 and n1 are the number densities of ground state Hy-
drogen atoms in the singlet and triplet states respectively,
and g0 = 1 and g1 = 3 are the degeneracies of these states.
Further, T∗ = hpνe/kB = 0.068 K is the characteristic tem-
perature corresponding to the HI 21-cm transition. The Ly-α
photons emitted from the very first stars/galaxies help the
spin temperature Ts to couple with the IGM kinetic temper-
ature Tg. Since we are interested in the Ly-α saturated part
of the EDGES absorption profile, we assume Ts = Tg for the
rest of the paper.
2.2 Dark matter-baryon interaction
Interactions between the cold DM particles and baryons are
expected to help the IGM to cool faster than the standard
adiabatic cooling and can explain the unusually strong ab-
sorption signal found by the EDGES experiments (Barkana
2018). We consider Rutherford like velocity dependent in-
teraction cross section which is modelled as σ = σ0(v/c)−4.
The milli-charged dark matter model follows this kind of
interaction and is a potential candidate for explaining the
EDGES trough (Mun˜oz et al. 2018; Mun˜oz & Loeb 2018).
Here we adopt the DM-baryon interaction model presented
in Mun˜oz et al. (2015). The cooling rate of baryon due to
such interaction is modelled as,
dQb
dt
=
2mbρχσ0e−r
2/2(Tχ − Tg)kBc4
(mb + mχ)2
√
2piu3
th
+
ρχ
ρm
mχmb
mχ + mb
Vχb
D(Vχb)
c2
. (3)
Similarly, the heating rate of the DM, ÛQχ can be obtained
by just replacing b ↔ χ in the above expression due to
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symmetry. Here, mχ, mb and ρχ, ρb are the masses and en-
ergy densities of dark matter and baryon respectively. We
can see from equation (3) that the heating rate is propor-
tional to the temperature difference between two fluids i.e.
(Tχ −Tg). The second term in equation (3) arises due to the
friction between dark matter and baryon fluids as they flow
at different velocities. Hence both the fluids get heated up
depending on their relative velocity Vχb and the drag term
D(Vχb) given as,
dVχb
dz
=
Vχb
1 + z
+
D(Vχb)
H(z)(1 + z) (4)
and
D(Vχb) =
ρmσ0c4
mb + mχ
1
V2
χb
F(r). (5)
The variance of the thermal relative motion of dark matter
and baryon fluids u2
th
= kB(Tb/mb +Tχ/mχ) and r = Vχb/uth.
The function F(r) is given by
F(r) = er f
( r√
2
)
−
√
2
pi
re−r2/2. (6)
We see that F(r) grows with r, F(0) = 0 when r = 0 and
F(r) → 1 when r → ∞. This ensures that the heating due
to the friction is negligible when the relative velocity Vχb
is smaller compared to the thermal motion of dark matter
and baryon fluid uth. However, it can be significant if Vχb is
higher than uth.
2.3 IGM heating due to primordial magnetic field
Magnetic field exerts Lorentz force on the ionized compo-
nent of the IGM. This causes rise in the IGM temperature,
Tg. There are mainly two processes namely the ambipolar
diffusion (AD) and decaying turbulence (DT) by which the
magnetic field can heat up the IGM during the cosmic dawn
and dark ages. We follow the prescription presented in Sethi
& Subramanian (2005) and Chluba et al. (2015) to calculate
the rate of heating due to these two processes. The heating
rate (in unit of energy per unit time per unit volume) due
to the ambipolar diffusion is given by,
ΓAD =
(1 − xe)
γxeρ2b
〈
|(∇ × B) × B|2
〉
16pi2
, (7)
where xe = ne/nH is the residual free electron fraction and
nH = nHI+nHII. We assume nHII = ne as Helium is considered
to be fully neutral in the redshift range of our interest. Fur-
ther, ρb is the baryon mass density at redshift z, and the cou-
pling coefficient between the ionized and neutral components
is γ = 〈σv〉HH+/2mH = 1.94 × 1014 (Tg/K)0.375 cm3gm−1s−1.
The Lorentz force can be approximated as
〈
|(∇ × B) ×
B|2
〉
≈ 16pi2 ρB(z)2 ld(z)−2 fL(nB + 3) (Chluba et al. 2015),
where ρB(z) = |B|2/8pi is the magnetic field energy den-
sity at redshift z, fL(p) = 0.8313[1 − 1.02 × 10−2p]p1.105,
and l−1
d
= (1 + z) kD . The damping scale is given by kD ≈
286.91 (B0/nG)−1Mpc−1 (Kunze & Komatsu 2014). We note
that the above heating rate is inversely proportional to the
coupling coefficient γ and the residual electron fraction xe.
Furthermore, both γ and the ionization fraction, xe gets sup-
pressed when the IGM is colder compared to the standard
scenario. As a result, the ambipolar heating rate becomes
more efficient during the cosmic dawn and dark ages.
The heating rate due to the decaying turbulence is de-
scribed by,
ΓDT =
3m
2
[
ln
(
1 + titd
)]m[
ln
(
1 + titd
)
+ 32 ln
(
1+zi
1+z
)]m+1H(z) ρB(z), (8)
where m = 2 (nB + 3)/(nB + 5), and nB is the spectral index
corresponding to the primordial magnetic field. The physi-
cal decay time scale (td) for turbulence and the time (ti) at
which decaying magnetic turbulence becomes dominant are
related as ti/td ' 14.8(B0/nG)−1(kD/Mpc−1)−1 (Chluba et al.
2015). The heating rate due to the decaying turbulence is
more efficient at early times as it is proportional to the Hub-
ble rate, H(z) and the primordial magnetic energy density.
The effect monotonically decreases at lower redshifts and
becomes sub-dominant during the cosmic dawn and dark
ages.
It is often assumed that, like the CMBR energy density,
the primordial magnetic field and energy density scale with
redshift z as B(z) = B0(1 + z)2 and ρB(z) ∼ (1 + z)4 respec-
tively under magnetic flux freezing condition. However, the
magnetic field energy continuously gets transferred to the
IGM through the ambipolar diffusion and decaying turbu-
lence processes. For the magnetic field with B0 & 1 nG, the
transfer may be insignificant compared to the total mag-
netic filed energy and the above scalings holds. However,
this may not be a valid assumption for lower magnetic field
B0 . 0.1 nG. Therefore, we self-consistently calculate the
redshift evolution of the magnetic field energy using the fol-
lowing equation,
d
dz
( |B |2
8pi
)
=
4
1 + z
( |B |2
8pi
)
+
1
H(z) (1 + z) (ΓDT + ΓAD). (9)
The first term in the rhs quantifies the effect due to the
adiabatic expansion of universe, and the second term quan-
tifies the loss of the magnetic energy due to the IGM heating
described above.
2.4 Temperature evolution
This section focuses on the evolution of the IGM kinetic
temperature Tg from the recombination epoch to the cos-
mic dawn. Considering the effects described in Section 2.2
and 2.3, the evolution of IGM gas temperature (Tg) can be
written as,
dTg
dz
=
2Tg
1 + z
− 32σTσSBT
4
0
3mec2H0
√
Ωm0
(
Tγ − Tg
) (1 + z)3/2 xe
1 + xe
− 2
3kBH(z) (1 + z)
[
ÛQb +
Γ
ntot
]
. (10)
The first two terms on the rhs describe the adiabatic cool-
ing due to expansion of the universe and Compton heating
due to interaction between CMBR and free electrons respec-
tively. Further, ÛQb is the heating/cooling rate per baryon
due to interactions between the DM particles and baryons
(see eq. 3) and Γ = ΓAD + ΓDT is the total rate of heating per
unit volume due to the primordial magnetic field described
MNRAS 000, 1–9 (2020)
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Figure 1. The upper and middle panels show the IGM kinetic
temperature Tg and residual free electron fraction xe as a func-
tion of redshift in presence of the primordial magnetic field. The
lower solid (black), dashed-dotted (red) and dashed (blue) lines
correspond to the primordial magnetic field with B0 = 0, 0.05 and
0.5 nG respectively. The upper solid (black) line shows the CMBR
temperature Tγ . We do not include the DM-baryon interaction
here. The lower panel shows the normalised magnetic field i.e.
B(z)
B0(1+z)2
for the same B0 values mentioned above.
in eqs. 7 and 8. Also, kB, σT , σSB, me are the Boltzman
constant, Thomson scattering cross-section, Stefan Boltz-
man constant and the rest mass of an electron respectively.
Further, ntot ≈ nH(1 + fHe + xe) denotes the total number
density of baryon particles, and nH is the number density of
Hydrogen. Taking the Helium mass fraction YP = 0.24, the
fraction of Helium atoms with respect to hydrogen atoms,
fHe becomes 0.079. The evolution of the DM temperature Tχ
can be calculated using,
dTχ
dz
=
2Tχ
1 + z
− 2
3kB
ÛQχ
H(z) (1 + z) . (11)
The first and second terms on the rhs quantify the adiabatic
cooling and heating rate per dark matter particle due to its
interactions with baryons respectively.
We note that the residual free electron fraction xe in-
fluences the IGM heating through the Compton heating
(eq. 10) and ambipolar diffusion (eq. 7). We calculate the
residual free electron fraction using the equation (Peebles
1968),
dxe
dz
=
C
H(z) (1 + z)
[
αe x2enH − βe (1 − xe) e
−hpνα
kBTg
]
−γe nH (1 − xe)xe
H(z) (1 + z) , (12)
where αe(Tg), βe(Tγ) and γe(Tg) are the recombination, pho-
toionization and collisional ionization coefficients respec-
tively. We note that αe and γe depend on the IGM tem-
perature Tg. In contrast, βe depends on the CMBR tem-
perature (see Chluba et al. 2015, for a detailed discus-
sion). For the recombination co-efficient we use αe(Tg) =
F × 10−19( atb1+ctd ) m3s−1, where a = 4.309, b = −0.6166,
c = 0.6703, d = 0.53, F = 1.14 (the fudge factor) and t =
Tg
104 K . Further, βe is calculated using the relations βe(Tγ) =
αe(Tγ)
( 2pimekBTγ
h2p
)3/2
e−E2s/kBTγ (Seager et al. 1999, 2000).
The Peebles factor is given by C = 1+KΛ(1−x)nH1+K(Λ+βe )(1−x)nH , where
Λ = 8.3 s−1 is the rate of transition from (hydrogen ground
state) 2s→ 1s state through decaying two photons. Further,
K = λ
3
α
8piH(z) , γe(Tg) = 0.291×10−7 ×U0.39
exp(−U)
0.232+U cm
3/s (Min-
oda et al. 2017) with hpνα = 10.2 eV and U = |E1s/kBTg |.
We see from equations (3) and (10), that the IGM tem-
perature becomes velocity (Vχb) dependent as soon as the
dark matter-baryon interaction is taken into consideration
which, in turn, modifies the brightness temperature T21.
Therefore, the observable global HI 21-cm brightness tem-
perature is calculated by averaging over the velocity Vχb as,
〈T21(z)〉 =
∫
d3VχbT21(Vχb)P(Vχb), (13)
where the initial velocity Vχb,0 follows the probability dis-
tribution
P(Vχb,0) =
e−3V
2
χb,0/(2V 2rms)
( 2pi3 V2rms)3/2
. (14)
In order to calculate the velocity averaged IGM temperature
〈Tg(z)〉 and ionization fraction 〈xe〉, the same procedure is
followed.
3 RESULTS AND DISCUSSION
We simultaneously solve equations (3), (4), (9), (10), (11)
and (12) to evaluate Tg and xe for a range possible values
of the dark matter particle mass mχ, the interaction cross-
section σ45 =
σ0
10−45 m2 , and the initial magnetic field (B0)
for a given Vχb. We then use eq. 13 to calculate the aver-
aged quantities such as 〈T21(z)〉, 〈Tg(z)〉 and 〈xe〉. Note that
all values/results quoted below are these average quantities
even if we don’t mention them explicitly. Below we discuss
our results on the heating due the primordial magnetic field,
impacts of the DM-baryonic interaction in presence/absence
of the magnetic field. In addition we study, in the context
of the colder IGM background, the role of the residual free
electron fraction xe, evolution of the primordial magnetic
field and the upper limit on the primordial magnetic field
using EDGES absorption profile. We set the following initial
conditions at redshift zi = 1010: Tgi = 2.725(1 + zi)K; Tχi =
0, Vχb,i = Vrmsi = 29 km/s, Bi = B0(1 + zi)2 and xei = 0.055
(obtained from RECFAST code1 Seager et al. 1999, 2000).
3.1 Impact on heating due to the primordial
magnetic field
The upper panel of Fig. 1 shows the evolution of IGM tem-
perature Tg in presence of the primordial magnetic field with
1 http://www.astro.ubc.ca/people/scott/recfast.html
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B0 = 0.05 nG and 0.5 nG. We fix nB = −2.9 throughout our
analysis. In order to understand the role of the primordial
magnetic field alone we do not include the DM-baryon in-
teraction in Fig. 1. Note that our results for B0 = 3 nG and
Hydrogen only scenario is very similar to that presented in
Chluba et al. (2015) for the similar scenario. We find that
the primordial magnetic field makes a noticeable change in
the IGM temperature during the cosmic dawn and dark ages
(z . 100) for B0 & 0.03 nG. This is because the ambipolar
diffusion becomes very active at lower redshifts as it is in-
versely proportional to the square of the baryon density,
ρb. It also scales with the IGM temperature as T−0.375g (see
eq. 7). The Effects due to the decaying turbulence, which
scales as ΓDT ∝ H(z) ρB(z), gets diluted at lower redshifts.
We find that for B0 ∼ 0.1 nG, the IGM temperature rises to
the CMBR temperature and, consequently, the global dif-
ferential brightness temperature T21 becomes nearly zero.
Further increase of the primordial magnetic field causes the
IGM temperature goes above the CMBR temperature and
T21 becomes positive. This is completely ruled out as the
EDGES measured the HI 21-cm signal in absorption i.e.,
T21 is negative. This put an upper limit on the primordial
magnetic field and we find B0 . 0.1 nG, similar to the upper
limit found by Minoda et al. (2019).
The middle panel of Fig. 1 shows the history of resid-
ual free electron fraction, xe. We see that xe increases if we
increase the magnetic field B0. This is because of suppres-
sion in the Hydrogen recombination rate αe due to increase
in the IGM temperature Tg. The increase is more promi-
nent during the cosmic dawn and dark ages. For example,
xe increases by a factor of ∼ 1.5 as compared to the stan-
dard prediction at redshift z = 17 if B0 = 0.5 nG. Conversely,
the residual free electron fraction xe directly influences the
magnetic heating and its evolution through the ambipolar
diffusion process (eq. 7 and 9) which is dominant over the
decaying turbulence during the cosmic dawn and dark ages.
Therefore it is important to highlight the role of xe in con-
straining the primordial magnetic field using the global 21-
cm signal. Moreover, xe also affects the standard Compton
heating (see eq. 10).
The bottom panel of Fig. 1 shows the evolution of the
primordial magnetic field. The normalised primordial mag-
netic field (
B(z)
B0(1+z)2 ) has been plotted here to highlight any
departure from the simple B0(1 + z)2 scaling. We find that
the primordial normalised magnetic field maintains a con-
stant value at higher redshifts z & 100, and then decays at
lower redshifts during the cosmic dawn and dark ages. Be-
cause, a considerable fraction of the magnetic field energy
is transferred to the IGM for its heating through the am-
bipolar diffusion process. The ambipolar diffusion becomes
very active at lower redshifts for reasons explained in sub-
section 2.3. We also notice that the amount of decay of the
magnetic field depends on B0. For example, the normalised
primordial magnetic field goes down to ∼ 0.4 and ∼ 0.6 for
B0 = 0.05 nG and 0.5 nG at redshift z ∼ 17.2. This implies
that the fractional decay of the magnetic energy is more
when the primordial magnetic filed is weaker. For higher
primordial magnetic field with B0 & 1 nG, the fractional de-
cay is not significant and it can be safely assumed to scale
as (1 + z)2.
Figure 2. The upper and lower panels show the IGM kinetic tem-
perature, Tg and residual free electron fraction, xe as a function of
redshift when the DM-baryon interaction is considered. The lower
solid (black), dashed (blue) and dashed-dotted (red) lines corre-
spond to (mχ/GeV, σ45) = (0, 0) (0.01, 50) and (1, 1) respectively.
The effect due the primordial magnetic field is absent here. The
upper solid (black) line represents the CMBR temperature Tγ .
3.2 Effect of dark matter-baryon interaction
We consider the DM-baryon interaction model that was dis-
cussed in Sec. 2.2. As mentioned there, the model has two
free parameters i.e., the mass of the dark matter particle,
mχ and the interaction cross-section between the dark mat-
ter particles and baryons, σ45. Below we briefly discuss the
impact of the DM-baryon interaction on the IGM temper-
ature, Tg and residual free electron fraction, xe. We refer
readers to Datta et al. (2020) for a more elaborate discus-
sion.
The upper panel of Fig. 2 shows the evolution of IGM
temperature for two sets of dark matter mass mχ and in-
teraction cross-section σ45 i.e., (1GeV, 1) and (0.01GeV, 50).
It also plots the IGM temperature as predicted in the stan-
dard model. As expected, the interaction helps the IGM to
cool faster and the IGM temperature becomes lower than
the standard scenario during the cosmic dawn. Lower the
dark matter mass, mχ and/or larger the cross-section σ45,
more is the rate of IGM cooling and, consequently, lower is
the IGM temperature. We note that for higher cross section
σ45 the IGM temperature gets decoupled from the CMBR
temperature early and coupled to the dark matter temper-
ature Tχ. This helps the IGM and the dark matter to reach
the thermal equilibrium. After that both the IGM and dark
matter temperatures scale as (1+z)2 which is seen at redshifts
z . 100 for mχ = 0.01GeV and σ45 = 50 (the blue-dashed
curve in Fig. 2). Here we note that, there are mainly two
effects arising due to the interaction between the cold DM
and baryon. First, it helps to cool down the IGM faster (first
term of rhs. of eq. 3). Second, the friction due to the relative
velocity between the DM and baryon can heat up both the
MNRAS 000, 1–9 (2020)
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Figure 3. Same as Fig. 1, however both the primordial magnetic
field and DM-baryon interaction are considered here.
DM and IGM (second term of rhs. of eq. 3)). We find that
the friction heating dominates over the cooling for the DM
particle mass mχ & 1GeV, and instead of cooling, the IGM
gets heated due to the DM-baryon interaction for higher DM
particle mass. However, in our case, we need faster cooling
off the IGM. Therefore, the friction heating always remains
subdominant in our case. The bottom panel of Fig. 2 shows
the evolution of the residual free electron fraction, xe. As
expected the residual free electron fraction is lower when
the DM-baryon interaction comes into play. This is because
the Hydrogen recombination rate αe is increased when the
IGM temperature is lower. The change in xe is not signifi-
cant for mχ = 1 GeV and σ45 = 1 (red curve). However, xe
is reduced by factor of ∼ 5 for mχ = 0.01GeV and σ45 = 50
(blue curve). The reduced xe enhances the rate of IGM heat-
ing through the ambipolar diffusion. At the same time lower
IGM temperature reduces the coupling co-efficient γ(Tg) (eq.
7), which again enhances the heating rate. Moreover, heat-
ing due to the Compton process, which is proportional to
xe(Tγ − Tg) (second term on the rhs of eq. 10), gets affected
when the IGM is colder compared to the standard scenario.
3.3 Combined impact of primordial magnetic field
and dark matter-baryon interaction
Here we discuss results on the combined impact of the pri-
mordial magnetic field and DM-baryon interaction on the
IGM temperature evolution. Fig. 3 shows the evolution of
the IGM temperature when both the primordial magnetic
field and DM-baryon interactions are considered. In Table 1
we have mentioned T21 at z = 17.2 as predicted by our models
with different model parameters and shown which parameter
set is allowed or not allowed by the EDGES measurements.
We see that the differential brightness temperature T21 at
z = 17.2, for the parameter set mχ = 0.001GeV, σ45 = 30, is
Table 1. The table shows the globally averaged differential
brightness temperature T21 at redshift z = 17.2 for various set
of the model parameters mχ , σ45 and B0. The allowed range of
T21 at redshift z = 17.2 as measured by the EDGES is −0.3K to
−1.0K.
mχ σ45 B0 T21 Allowed
(GeV) (nG) (K)
× × × -0.22 ×
× × 0.1 0.00 ×
0.1 5 0.1 -0.87
√
1.0 1 × -0.62 √
1.0 1 0.05 -0.15 ×
0.001 300 0.4 -0.33
√
0.1 50 0.1 -1.08 ×
within the allowed range when the primordial magnetic field
with B0 as high as B0 = 0.4 nG is active, although T21 is much
lower when the magnetic field is kept off. Similarly, the pa-
rameter set mχ = 0.1GeV, σ45 = 5 is ruled out as it predicts
much lower T21 than what is allowed by the EDGES data.
However, if we include the primordial magnetic field with,
say, B0 = 0.1 nG, the above parameter set becomes allowed.
Contrary to this, T21 predicted by some combinations of mχ,
σ45 could be well within the allowed range when there is no
primordial magnetic field, but ruled out when the magnetic
field is applied. For example T21 = −0.62K for mχ = 1GeV,
σ45 = 1 when B0 = 0, but goes to −0.15K which is above the
allowed range for B0 = 0.05 nG.
We discussed in sub-section 3.1 that the primordial
magnetic field with B0 & 0.1 nG is ruled out in the standard
scenario, but it can be well within the allowed range when
the interaction between DM and baryon with an appropriate
parameter sets comes into play. In general, we find that the
exact upper limit on the primordial magnetic field depends
on the mass of the DM particles mχ and the DM-baryonic
interaction cross section σ45. We see that the primordial
magnetic field with B0 ∼ 0.4 nG is allowed for an appropriate
set of mχ and σ45. Note that this primordial magnetic field
is ruled out in the standard scenario.
The upper panel of Fig. 3 shows that the primordial
magnetic field and DM-baryonic interaction together intro-
duces a ‘plateau like feature’ in the redshift evolution of
the IGM temperature for a certain range of model param-
eters mχ, σ45 and B0. One such example can be seen for
mχ = 0.01GeV, σ45 = 50 and B0 = 0.25 nG where the plateau
like feature is seen in redshift range ∼ 50 − 150. The cool-
ing rate due to the DM-baryonic interaction and heating
rate due to the primordial magnetic field compensates each
other for a certain redshift range which gives the plateau like
feature. At lower redshifts the heating due to the primordial
magnetic field, which scales as B4(z), becomes ineffective as
the primordial magnetic field decays very fast. This is both
due to the adiabatic expansion of universe and loss of the
magnetic energy due to heating. We notice that this plateau
like feature is not so prominent for lower primordial mag-
netic field. The ‘plateau like feature’ is a unique signature
of the DM-baryonic interaction in presence of the primor-
dial magnetic field. However, it can only be probed by space
based experiment as it appears at redshift range ∼ 50 − 150.
The middle and lower panels of Fig. 3 show the resid-
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ual electron fraction, xe and primordial magnetic field, B(z)
as a function of redshift respectively. Like in previous cases,
the residual electron fraction xe is suppressed when both the
DM-baryonic interactions and primordial magnetic field are
active. The suppressed residual electron fraction enhances
the heating rate occurring due to the ambipolar diffusion.
The primordial magnetic field looses its energy (other than
the adiabatic loss because of universe’s expansion) due to
transfer of energy to IGM heating through the ambipolar
diffusion process. This loss starts becoming important at
lower redshifts z . 100. As the primordial magnetic field de-
cays very fast, the magnetic heating becomes ineffective at
lower redshifts. The EDGES absorption spectra show that
the IGM temperature is rising at redshifts z . 17. There
are several possible mechanisms by which the IGM can be
heated up such as heating due to soft X-ray, Ly-α, DM de-
cay/annihilation (Pritchard & Furlanetto 2007; Ghara et al.
2015; Ghara & Mellema 2020; Sethi 2005; Furlanetto et al.
2006a; Liu & Slatyer 2018). However, we find that the pri-
mordial magnetic field is not able to considerably heat up the
IGM at the later phase of the cosmic dawn and, therefore,
can not explain the heating part of the EDGES absorption
profile.
3.4 Constraints on dark matter-baryon
interaction in presence of the primordial
magnetic field
Fig. 4 demonstrates the constraints on the DM-baryon in-
teraction in presence of the primordial magnetic field. The
top left panel presents constraints on the model parameters
mχ and σ45 when there is no magnetic field i.e., B0 = 0.
This is quite similar to constraints obtained by Barkana
(2018). Note that the constraints are obtained by restricting
the differential brightness temperature T21 within −0.3mK
to −1.0K as suggested by the EDGES measurements. The
DM particle with mass higher than a few GeV is ruled out
because the cooling due to the DM-baryonic interaction be-
comes inefficient and the drag heating due to the friction
between the DM and baryon starts to dominate for higher
DM particle mass. Therefore, the drag heating is found to
have very negligible role in the case considered here. The
top right, bottom left and the bottom right panels show
constraints on the model parameters mχ and σ45 in pres-
ence of the primordial magnetic field with B0 = 0.05, 0.1
and 0.2 nG respectively. We see that the allowed range of
the DM-baryon cross section σ45 gradually increases as B0
is increased. For example, the lowest allowed σ45 moves up,
from ∼ 4 × 10−47m2, to ∼ 2.5 × 10−46m2, ∼ 1.5 × 10−45m2
and ∼ 1.5 × 10−44m2 for B0 = 0.05, 0.1 and 0.2 nG respec-
tively. On the other hand, the maximum allowed mass of
the DM particle mχ gradually decreases for higher magnetic
field. In Fig. 4 we find that the highest allowed mχ goes
down, from ∼ 5GeV, to ∼ 1GeV, ∼ 0.3GeV and ∼ 0.1GeV
for B0 = 0.05, 0.1 and 0.2 nG respectively. The primordial
magnetic field heats up the IGM and the heating is more
for higher values of B0. The DM-baryonic interaction needs
to be more efficient to compensates for this extra heating
which can be achieved either by increasing the cross section
σ45 or/and lowering the mass of the Dark matter particle
mχ.
The above discussion also tells that the exact upper
limit on the primordial magnetic field parameter B0 depends
on the mass mχ and the cross section σ45. Higher primordial
magnetic field is allowed if σ45 is increased and/or mχ is
decreased. We see that the primordial magnetic field with
B0 ∼ 0.4 nG (Table 1) is allowed for an appropriate set of mχ
and σ45. Note that B0 & 0.1 nG is ruled out in the standard
scenario. However, we find that the primordial magnetic field
with B0 & 1 nG may not be allowed as this requires very
efficient cooling of the IGM which is unlikely even for very
high cross section and lower DM particle mass. Although, we
note that a recent study by Bhatt, Jitesh R. et al. (2020),
which has used the EDGES measurements, finds an upper
limit of ∼ 10−6 G on the primordial magnetic field for mχ .
10−2 GeV in presence of the DM-baryonic interaction.
4 SUMMARY AND DISCUSSION
We study prospects of constraining the primordial magnetic
field in light of the EDGES low band 21-cm absorption spec-
tra during the cosmic dawn. Our analysis is carried out on
the background of ‘colder IGM’ which is a promising avenue
to explain the strong absorption signal found by the EDGES.
We consider an interaction between baryons and cold DM
particles which makes the IGM colder than in the standard
scenario. The primordial magnetic field heats up the IGM
through the ambipolar diffusion and decaying turbulence
which, in turn, influences the 21-cm differential brightness
temperature. We highlight the role of the residual electron
fraction. We also study constraints on the DM-baryon inter-
action in presence of the primordial magnetic field, features
in the redshift evolution of IGM temperature. In addition,
we study redshift evolution of the primordial magnetic field
during dark ages and cosmic dawn. In particular, we focus
on the departure from the simple adiabatic scaling of the
primordial magnetic field ( i.e. B(z) ∝ (1 + z)2 ) due to the
transfer of magnetic energy to the IGM.
Studying the role of the primordial magnetic field on
the background of colder IGM is important for several rea-
sons. First, it suppresses the abundance of the residual free
electron fraction xe (Datta et al. 2020) which, in turn, en-
hances the rate of IGM heating through the ambipolar dif-
fusion. Second, the coupling coefficient between the ionised
and neutral components γ(Tg) decreases with the IGM tem-
perature, which again results in the increased heating rate
(see eq. 7). Third, the heating rate due to the Compton
process, which is proportional to (Tγ − Tg) and xe, too gets
affected when the background IGM temperature Tg is lower
(eq. 10). We find that collectively all these effects make the
heating rate due the magnetic field faster in the colder back-
ground in compare to the heating rate in the standard sce-
nario. Consequently, the primordial magnetic field decays,
with redshift, at much faster rate compared to the simple
(1 + z)2 scaling during the dark ages and cosmic dawn. The
decay is particularly significant for B0 . 0.5 nG when the
fractional change in the magnetic field due to the heating
loss could be ∼ 50% or higher. This is unique in the colder
IGM scenario.
Next we find that the upper limit on the primordial
magnetic field using the EDGES measurements is deter-
mined by the underlying non-standard cooling process, i.e.,
the DM-baryon interaction here. Higher primordial magnetic
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Figure 4. Bounds on dark matter mass and cross-section in presence of the primordial magnetic field.
field may be allowed when the underlying DM-baryon inter-
action cross section is higher and/or the DM particle mass
is lower, i.e., the exact upper limit on B0 depends on the
DM mass and the interaction cross section. For example,
the primordial magnetic filed with B0 ∼ 0.4 nG which is ruled
out in the standard model (Minoda et al. 2019), may be al-
lowed if the DM-baryon interaction with mχ = 0.01GeV and
σ45 = 100 is included. However, we find that the primordial
magnetic field with B0 & 1 nG may not be allowed as this re-
quires very efficient cooling of the IGM which is unlikely to
occur even for very strong possible DM-baryon interaction.
Furthermore, we observe that the primordial magnetic
field and DM-baryonic interaction together introduces ‘a
plateau like feature’ in the redshift evolution of the IGM
temperature for a certain range of model parameters mχ, σ45
and B0. The cooling rate due to the DM-baryonic interaction
and heating rate due to the primordial magnetic field com-
pensates each other for a certain redshift range which pro-
duces the plateau like feature. However, this kind of plateau
is not prominent for lower primordial magnetic field with
B0 . 0.1 nG.
The EDGES absorption spectra suggest that the IGM
temperature has possibly gone up from ∼ 3K at redshift
z ≈ 16 to ∼ 40K at redshift z ≈ 14.5. There are several possi-
ble candidates such soft X-ray photons from the first gener-
ation of X-ray binaries, mini-quasars, high energy photons
from DM-decay/annihilations, primordial magnetic field etc.
which could heat up the IGM during the cosmic dawn. How-
ever, our study shows that the heating due the primordial
magnetic field becomes very weak during the above redshift
range. Because the magnetic energy density decreases very
fast prior to the cosmic dawn both due to the adiabatic ex-
pansion of universe and the loss due to IGM heating. There-
fore, it is unlikely that the primordial magnetic field con-
tributes to the heating of the IGM during the late phase of
the cosmic dawn as indicated by the EDGES measurements.
Finally, we see that the allowed DM-baryon cross sec-
tion σ45 gradually shifts towards higher values as B0 is in-
creases. On the other hand, the allowed mass of the DM
particle mχ gradually decreases for higher values of the pri-
mordial magnetic field. Because, the DM-baryon interac-
tion needs to be more efficient to compensate for the excess
heating caused due to higher magnetic field, which can be
achieved either by increasing the cross section or lowering
the mass of the Dark matter particle.
There could be various other models of the DM-baryon
interactions, for which the exact upper limit on the primor-
dial magnetic field, and all other results discussed above
might change to some extent. However, the general conclu-
sions regarding the role of the primordial magnetic field on
MNRAS 000, 1–9 (2020)
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a colder IGM background are likely to remain valid for any
mechanism providing faster cooling off the IGM.
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